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Three kinds of Cu-Al alloys and a pure Cu sample with different stacking fault energies (SFEs) are deformed using room temperature
rolling (RR) and high pressure torsion (HPT), respectively. The microstructure is analysed by means of transaction electron microscopy and X-
ray diffraction. It is found that HPT is more feasible to obtain nanocrystals and profuse twins. Tailoring the SFE can promote sample strength
without sacriﬁcing the ductility of the Cu alloys. The tensile properties of samples processed by HPT and RR are compared. It is discovered that
the HPT process leads to the strain softening phenomenon in samples with relatively high SFE. The excellent mechanical properties can be
obtained in samples deformed by HPT with a SFE of 6mJ/m2, in which strain softening was restrained and strain hardening played a dominant
role in the deformation process. The relationship between tensile properties and microstructures of the deformed metals is also investigated.
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1. Introduction
In recent years, there have been considerable interests in
bulk ultraﬁne grain (UFG) or nanocrystalline (NC) materials
due to their superior mechanical properties. Valiev et al.
proposed the methods of severe plastic deformation (SPD)
and elaborated the microstructural characteristics and me-
chanical and multi-functional properties of metallic materials
processed by SPD.1,2) High-pressure torsion (HPT) is more
effective to modify microstructure and obtain NC than other
SPD processes, because it is possible to exert extremely large
plastic strain on samples. The HPT process can be used to
obtain equiaxed grains, in which high-angle grain boundaries
(HAGB) are the major part of the grain boundaries (GB).
Therefore, HPT represents the excellent process for the
creation of UFG or NC structure. Meanwhile, recent papers
reported that HPT may lead to straining softening simulta-
neously grain reﬁnement in already hardened NC Ni3) as well
as in some alloys such as Ni-Fe alloy,4) Al-Zn alloy5) and Zn-
Al-Cu alloy.6)
However, there are limitations of HPT in the small physical
sample size and in the requirement of keeping a appropriate
level of homogeneity between the edge and the center of the
disc-shaped specimens.7) Because the HPT samples are too
small to be applied to tensile tests, the disk samples processed
by HPT are sometimes rolled at room temperature to make
them big enough or are machined for miniature tensile
specimens.
As an important material parameter for plastic deforma-
tions, stacking fault energy (SFE) has a great inﬂuence on the
deformation behaviors of metal materials. In addition, it is
found that SFE also has a signiﬁcant inﬂuence on the process
of grain reﬁnement in SPD.8) SFE affects the microstructure
and deformation behaviors because SFE controls probability
of cross slip, which is a possible mechanism of dynamic
recovery along with dislocation climb.9­11) Another effect of
SFE is the tendency to generate deformation twinning.12)
Deformation twinning is frequently observed in materials
with low SFEs, such as Cu-Al alloys13) and austenite stainless
steels,14) although they are processed at ambient temperature
and fairly low strain rates. Thus, SFE has a great inﬂuence on
the mechanical property of materials. Moreover, the strength
and ductility of metals can be simultaneously promoted by
decreasing SFE. The SFE value changes with solute element
contents in alloys and temperature.
In order to further understand the importance of the SFE
and the phenomenon of strain softening, this study seeks to
elucidate the effects of the SFE and conditions of causing
strain softening. This paper also explores the role of
deformation routes in tensile properties and microstructure
features of NC Cu­Al alloys with various SFEs processed by
different SPD techniques.
2. Experiment Details
Cu-6.9mass%Al, Cu­4.5mass%Al and Cu­2.2mass%Al
alloys with SFEs of 6, 7 and 28mJ/m2, respectively, were
prepared using induction vacuum melting.13,15,16) For com-
parison, commercial pure copper with SFE of 78mJ/m2 was
also prepared.15) Before RR, pure Cu plates were annealed in
vacuum at 873K for 2 h and Cu-Al alloy plates were
annealed in vacuum at 1023­1073K for 4 h. Thus, some local
defects were eliminated and the composition of these
materials became more uniform after the annealing treatment.
Then, we divided the homogenized samples into two groups.
Samples in one group were rolled from the thickness of 7mm
to the ﬁnal thickness of approximately 0.4mm at room
temperature. While those in the other were ﬁrst rolled at room
temperature from the thickness of 7mm to approximately
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1mm and then were sliced into small disks with diameters of
about 20mm. The HPT processing was carried out using a
conventional facility, in which the disks were ﬁxed between
a rotational lower anvil and a stationary upper.17) A total of
ﬁve turns was applied to each disk at a rotation speed of
1 rotation/min, with an imposed pressure of 2.5GPa at
ambient temperature. Each disk had a thickness of ³0.5mm
after HPT. Following the HPT procedure, each disk was
processed by RR to a ﬁnal thickness of ³0.2mm.
The typical RR tensile samples shaped in dog bone with a
gauge width and length of 5 and 15mm, respectively, were
used to the tensile tests. As illustrated in Fig. 1, the HPT-
processed tensile samples shaped in dog bone had a gauge
width of 2mm and a length of 12mm oriented along the
rolling direction. They were cut from position designated
0.5R, where R is the radius of the disk. At room temperature,
a SHIMAZU Universal Tester machine was used to perform
the tensile tests at a constant strain rate of 1 © 10¹4 s¹1. More
than three tensile tests were carried out for each kind of
samples to ensure the reliability of the results.
Quantitative X-ray diffraction (XRD) analyses of the
samples were carried out using a diffractometer with Cu K¡
radiation, operating at 1.2 kW. Annealed pure silicon sheet
with fully grown grains was used to remove the instrument
broadening of XRD peak-broadening for calculating both the
microstrain and the crystallite size. The ª­2ª scans were
implemented at ambient temperature to measure the twin
density, dislocation density and lattice constant.
A FEI Tecnai G¹2 TF30 S-Twin transmission electron
microscope (TEM) operated at 300 kV was used to inves-
tigate microstructure of the specimens. The TEM foils, with a
diameters of 3mm, were prepared on a TenuPol-5 twin jet
polishing operated at a voltage of about 14V, temperature of
295K and ﬂow rate of 40, with a solution of 50% distilled
water, 25% ethyl alcohol and 25% phosphoric acid.
3. Experiment Results
For analysis of effects of SFE and processing routes on
mechanical properties of the deformation-processed materi-
als, stress-strain curves obtained by uniaxial tensile tests were
compared for all samples. As shown in Fig. 2, the results
exhibit that the tensile properties are inﬂuenced by both
SFE and processing route selected. The decrease of SFE
contributes to increase in the strength and ductility simulta-
neously in both HPT and RR groups. The HPT-processed
sample of Cu­6.9Al exhibits higher yield strength (YS) and
larger uniform elongation (UE), meaning a combination of
higher strength and better ductility, compared to those of the
RR-processed counterparts. Meanwhile, the HPT-processed
samples of the pure Cu and Cu­2.2Al have lower values of
strength but larger UE and elongation to failure compared to
those of the RR-processed counterparts.
For further understanding of mechanical performances, the
strain hardening of the samples was analyzed. The strain
hardening rate ª, can be deﬁned by the following expression:18)
ª ¼ ð@·=@¾Þ_¾ ð1Þ
where ¾ is the true strain, · is the true stress and _¾ is the strain
rate. The normalized work hardening rate ª of each sample
was shown in Fig. 3(a) and Fig. 3(b). The Cu­6.9Al samples
have the highest capacity for strain hardening among these
samples. These results clearly indicate that the strain
hardening rate ª of both the HPT and RR samples increase
with a decrease in SFE. It means that the better ductility can
be obtained in samples with lower SFE. The work hardening
rate curves also suggest that the dynamic recovery can be
delayed in samples with lower SFE.
The twin density ¢ and the dislocation density μ, as two
important parameters to describe the microstructure, can be
measured by the XRD analysis. The average crystallite size
dXRD and the microstrain ðh¾2i1=2Þ can be estimated from the
Scherrer-Wilson method through the pairs of (111)-(222) and
(200)-(400) reﬂection by the XRD peak broadening. The
average dislocation density μ can be deduced from average
grain size d and microstrain ðh¾2i1=2Þ according to the
following relationship:19­21)
μ ¼ 2
ﬃﬃﬃ
3
p
h¾2i1=2=dXRDb; ð2Þ
where b is the Burgers vector, b ¼ ð
ﬃﬃﬃ
2
p
=2Þa, and a is the
lattice parameter for each kind of sample. The twin density ¢
is deﬁned as the probability of detecting a twin boundary
between any two neighboring {111} planes. It can be
calculated based on the equation:22,23)
¢ ¼ ½C G  ð2ªÞ111 C G  ð2ªÞ200
=ð11 tan ª111 þ 14:6 tan ª200Þ; ð3Þ
Fig. 1 Schematic illustration of the HPT and rolled sample showing the
location for the tensile sample and TEM sample.
Fig. 2 Engineering stress-strain curve of samples processed by HPT and
RR for pure Cu, Cu-2.2Al, Cu-4.5Al and Cu-6.9Al.
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where C G  ð2ªÞ200 and C G  ð2ªÞ111 are the absolute
angular deviations of the peak summit from the gravity
center of the {200} and {111} diffraction peaks of XRD,
respectively. The XRD patterns of these samples are
presented in Fig. 4, indicating an increased peak broadening
with decreasing SFE. Then, the microstrains and the average
grain sizes of the HPT- and RR-processed samples are
presented in Fig. 5(a). These grain size values of different
kinds of samples can be compared if they are estimated with
the same measuring error and under the same operation
condition. The crystallite size of the samples decreases, while
the microstrain increases, with decreasing the SFE. These
results show that SFE plays a signiﬁcant role in the grain
reﬁnement process. Furthermore, the grain size of the RR-
processed samples is always larger than that of the HPT-
processed counterparts. Figure 5(b) presents that the dis-
location density and twin density increase with reducing SFE.
In particular, their densities increase much faster when the
SFE is lower than 28mJ/m2. The increments of dislocation
density for HPT-processed samples are much larger than
those of RR-processed counterparts, with SFE reducing from
28mJ/m2 to 6mJ/m2. That is to say, the HPT-processed
samples are more likely to accumulate dislocation with
decreasing SFE. Moreover, the twin density of the HPT-
processed samples is larger than that of RR-processed
counterparts, as shown in Fig. 5(b). The microstructure of
both HPT- and RR-processed samples for Cu-4.5Al are
presented in Fig. 6. It shows that more deformation twins
appear in the HPT-processed sample for Cu-4.5Al than in the
RR counterpart.
4. Analysis and Discussion
4.1 The effect of SFE on microstructure and mechanical
properties
As an intrinsic material parameter, the SFE plays an
important part in the microstructure evolution and grain
subdivision. It has been conﬁrmed that in materials with
medium or high SFE, the process of grain reﬁnement is
dominated by dislocation activities during plastic deforma-
tion. On the other hand, for metals with low SFE, dislocation
subdivision and twin fragmentation dominate the grain
reﬁnement.24­27) With reducing SFE, a wide stacking fault
ribbon, which hinders whole dislocations to climb and cross-
slip, contributes to the separation of a perfect dislocations
into two partial dislocations. It is hard for partial dislocations
to migrate in the form of cross-slip. Hence, the requirement
for twinning stress becomes easier to meet in low SFE
materials than that of the stress for the motion of the partial
dislocations. Therefore deformation twins form, as shown in
Fig. 6. In other words, a lower SFE makes it easier to form
deformation twins. Furthermore, profuse twin boundaries
(TBs) induced by lowering SFE can not only hinder the
motion of dislocation, but act as locations for dislocation
(a)
(b)
Fig. 3 The normalized work hardening rate ª, against the true strain ¾, of
Cu-Al alloys. (a) deformed by rolling at room temperature and (b)
deformed by HPT then rolled at room temperature.
(a)
(b)
Fig. 4 XRD patterns of samples for Cu-Al alloys and pure Cu.
(a) deformed by RR and (b) deformed by HPT.
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storing.28) Thus, the high dislocation density appears along
with high twin density by reducing SFE in most cases.
Hence, the interaction of these TBs and GBs dominants the
grain reﬁning process. It is consistent with the experimental
result of XRD, in that lowering SFE causes grain reﬁnement
with an increase in defect (stacking faults, TBs and
dislocations) densities during plastic deformation.
The interaction of dislocation-dislocation, twin-dislocation
and twin­twin contributed by lowering SFE can greatly
improve the ﬂow stress. The high YS follows the
improved ﬂow stress. It is consistent with results of previous
studies.29­34) Besides, as mentioned above, due to the reduced
SFE, the ﬁner grain sizes appear and the strength increases,
i.e. Hall-Petch strengthening. The addition of aluminum
atoms not only lowers the SFE, but also leads to solution
hardening, which improves the strength of the Cu-Al alloy.
Despite the existence of solid solution hardening is
unavoidable, the inﬂuence of solution strengthening is
secondary.35) Furthermore, dynamic recovery can be re-
strained through abundant TBs and wide stacking faults with
the effects of segmenting dislocations. Further, the strain
hardening rate can be improved by restraining dynamic
recovery. The improved strain hardening rate can observably
delay plastic instability and enhance the ductility.32,36) Thus,
the strength and ductility can be simultaneously enhanced by
reducing the SFE in Cu-Al alloys. This is accordant with the
research of An et al.37) It is beyond dispute that Cu­6.9Al
with the lowest SFE has the highest strength and the best
ductility, namely, the optimal mechanical properties, as
shown in Fig. 2.
4.2 The effect of plastic strain
Plastic strain is always a key factor in the SPD processes.
In the RR process, the true strain is deﬁned as ¾ = ln (L0/Lf ),
where Lf and L0 are the ﬁnal and initial thicknesses of the
workpiece plates, respectively.38) Thus, in the current study,
the strain ¾ of the RR samples is approximate 2.98. While,
during the HPT process, the equivalent true strain is deﬁned
as ¾HPT ¼ lnð1þ 2³Nrﬃﬃ3p h Þ, where h is the disk thickness, r is
the distance from the torsion axes and N is number of
revolutions.39) Therefore, the total strain can be calculated by
¾ = ¾r1 + ¾HPT + ¾r2 in the HPT-processed samples, where
¾r1 is the strain of the HPT-processed samples deformed by
rolling before HPT, ¾HPT is the strain of the HPT-processed
samples processed during HPT, and ¾r2 is the strain of the
samples deformed by rolling after the HPT process. The total
strain value ¾ in the rim of the HPT-processed disks is about
8.84, which is almost three times larger than that of the RR-
processed samples. The total true strain value of the HPT
tensile samples is about 7.38.
Therefore, ﬁner grain size and more twins can be obtained
in HPT-processed samples. Strain softening is shown by
(a)
(b)
Fig. 5 Microstructure parameters of pure Cu and Cu-Al alloys against
SFEs processed by HPT and RR. (a) microstrain h¾2i1=2 and average grain
size d and (b) twin density ¢ and dislocation density μ.
Fig. 6 Bright-ﬁeld TEM micrographs and corresponding SAED pattern showing the microstructures processed by RR and HPT for Cu-
4.5Al. (a) deformed by RR and (b) deformed by HPT.
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comparing the stress-strain curves of the RR- and HPT-
processed pure copper and Cu-2.2Al in Fig. 2. Liao et al. had
also found the strain softening in NC Ni­Fe alloy induced by
HPT.4) The strain softening is owe to the reduction in the
dislocation and grain growth. Mecking et al. proposed that
the rate of change in the dislocation density dominates the
plastic deformation of samples with high SFE.40) Two prime
competing parts simultaneously control the change of the
dislocation. One is softening part (dynamic recovery) along
with dislocation annihilation processes. The other is harden-
ing part (dislocation storage). Besides, dynamic recovery is
dominated by thermal activation, which is related to temper-
ature and strain rate, and so on.41)
With larger strain, the phenomenon of local adiabatic
heating may take place in the pure Cu and Cu-2.2Al samples
during the HPT process: both of them have high or medium
SFE. Local adiabatic heating can not only cause dynamic
recovery during HPT process, but also lead to a self-
annealing within a several hours after the HPT processing.42)
Thus, the reduction in dislocation density and relaxation of
residual stress can take place in the HPT-processed samples.
A slight growth in grain size may also occur because
dislocation annihilation and absorption at boundaries take
place in the ﬁnal stage of the HPT process, in which dynamic
recovery is prior to dislocation storage. These analyses
explain that the densities of defects (dislocation, vacancy)
and the values of microstrains in the pure Cu and Cu-2.2Al
samples during the HPT process are lower than those in
the RR-processed counterparts, as shown in Fig. 4(b). The
results agree well with the earlier studies.43) Therefore, higher
defects density in RR-processed samples with relatively high
SFE could contribute to a higher strength, in comparison with
the HPT-processed counterparts. Meanwhile, the profuse TBs
and abundant stacking faults in Cu-4.5Al samples with low
SFE can effectively suppress dynamic recovery during HPT
process. This is consistent with earlier studies as well.44)
Hence, the rate of dislocation annihilation is slower than the
rate of dislocation accumulation, and the hardening part
(dislocation storage) dominants the plastic deformation.
Thus, the highest strength could be achieved in samples
with lowest SFE deformed by HPT with the profuse twins
and highest defect densities.
5. Conclusion
(1) With decreasing SFE, wide stacking faults and profuse
TBs increase the difﬁculty in cross-slip. Hence,
dynamic recovery can be delayed in Cu-Al alloys with
low SFE.
(2) SFE plays a key role in the mechanical properties of
Cu-Al alloys. The current study shows that strength
and ductility of Cu-Al alloys can be synergistically
enhanced by tailoring the SFE.
(3) With larger strain, HPT is more effective to reﬁne the
grain size and increase twin densities than RR.
(4) Finally, the HPT technique leads to the phenomenon
of strain softening for specimens with SFE higher
than 28mJ/m2, in which dynamic recovery is more
remarkable during the plasticity deformation. And
strain softening is restrained in specimens with SFE
lower than 7mJ/m2, which present the excellent
mechanical properties.
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